White matter microstructural abnormalities in girls with chromosome 22q11.2 deletion syndrome, Fragile X or Turner syndrome as evidenced by diffusion tensor imaging Introduction Children with chromosome 22q.11.2 deletion syndrome (22q11.2DS), Fragile X syndrome (FXS), or Turner syndrome (TS) are considered to belong to genetically distinct groups, as each disorder has a specific, apparently nonoverlapping, genetic cause. Yet, many of the cognitive differences manifested by affected children are common across the three disorders. Some of the major commonalities involve impairments in visuospatial and numerical cognitive competence (Simon, 2007 (Simon, , 2011 Simon et al., 2008a) . It is therefore reasonable to hypothesize that there may be shared patterns of altered brain development that lead to these cognitive and behavioral changes.
22q11.2DS is the most common microdeletion syndrome with a prevalence of 1 in 4000-7000 live births (Burn and Goodship, 1996) . In around 90% of cases (Bittel et al., 2009) , the deletion on the long (q) arm of chromosome 22 is 3 Mb in size and encompasses approximately 30 genes. Children with 22q11.2DS often show mild intellectual impairment (IQ is typically in the 70-80s) and, in most, non-verbal skills are affected more than verbal skills (De Smedt et al., 2007; Wang et al., 2000) . Other cognitive impairments involve disrupted visuospatial attention and working memory, and impaired numerical ability (Bearden et al., 2001; Simon et al., 2005b Simon et al., , 2008a . Individuals with 22q11.2DS are at increased risk of developing psychiatric disorders, in particular schizophrenia and schizoaffective disorder (Gothelf et al., 2007a,b; Green et al., 2009; Stoddard et al., 2010) . Differences in brain morphology with respect to healthy subjects include volumetric reductions in brain regions such as the hippocampus, thalamus and neocortex. There is also reduced cortical thickness and a range of midline anomalies including enlarged lateral ventricles, more prominent cavum septum pellucidum, and callosal differences (Karayiorgou et al., 2010) . Animal models and human neuropathological studies of 22q11.2DS have shown that the main developmental disruption occurs during neuronal migration (Kiehl et al., 2009; Meechan et al., 2009 ). Other radiological reports in these subjects have included heterotopia and polymicrogyria (Robin et al., 2006) . Disrupted migration supports the idea that neuronal connectivity may develop abnormally, making it a natural target of study using diffusion tensor imaging.
FXS is an X-linked dominant neurodevelopmental disorder caused by the silencing of the FMR1 (Fragile X Mental Retardation 1 gene), due to an expansion of a CGG repeat in the 5′-untranslated region. A "full mutation" exists when there are more than 200 triplet repeats within the gene. Numerous studies estimate FXS prevalence at 1 in 4000 male births and 1 in 8000 female births for individuals with the "full mutation" (Crawford et al., 1999) . The mutation extinguishes the expression of the FMR1 gene product, namely Fragile X Mental Retardation Protein (FMRP) (Oberle et al., 1991; Verkerk et al., 1991) . FMRP is found mainly in the perikaryon, dendrites and synapses. It is an mRNA binding protein, transporting mRNAs from the transcription site to the dendrites in response to synaptic stimuli. Low levels of the protein affect development of synapses and dendrites, and disrupt axon directionality and coherence (Galvez and Greenough, 2005) . These abnormalities in neuronal development have a phenotypic expression in brain structure that has been documented in brain imaging studies (Reiss et al., 1995a; Kates et al., 1997; Lee et al., 2007; Eliez et al., 2001a) . In addition to this, subjects affected with FXS also present weaknesses in visuospatial working memory and perception, mental manipulation of visual-spatial relationships among objects, attention and visual-motor coordination (Cornish et al., 1999; Farzin and Rivera, 2010; Freund and Reiss, 1991; Kogan et al., 2004; Mazzocco et al., 2006; Murphy et al., 2006; Scerif et al., 2004 Scerif et al., , 2007 as well as problems in arithmetic reasoning and computation, similar to those in 22q11.2DS (Murphy et al., 1993) .
TS occurs in approximately 1 in 2000 live female births (Lippe, 1991) . These individuals lack a complete copy or a portion of one of the X chromosomes. This deletion causes a myriad of physical characteristics and medical problems, particularly cardiovascular malformations, kidney malformations and nonfunctional ovaries. Females with TS do not have a global cognitive impairment but they do have a particular cognitive phenotype, which mainly consists of difficulty with visuospatial tasks, visuomotor control and, as with individuals with 22q11.2DS or FXS, impairments in numerical ability (Beaton et al., 2010; Bruandeta et al., 2004; Hart et al., 2006; Kesler et al., 2004; Mazzocco et al., 2006; Murphy et al., 2006; Reiss et al., 1995b; Romans et al., 1998; Ross et al., 2000; Rovet and Netley, 1980; Rovet and Ireland, 1994; Silbert et al., 1977; Temple and Carney, 1995) . The cognitive characteristics also vary across subjects affected by TS. This is explained by multiple factors that have been proven to affect brain development and function in TS subjects: (1) mosaic or non-mosaic karyotype (Kesler et al., 2003) ; (2) X-linked imprinting (Bishop et al., 2000) ; (3) lack of endogenous estrogenic influence on brain development (Arnold and Gorski, 1984) ; and, (4) treatment based on hormonal substitution (estrogens, androgens and growth hormones) (Nilsson et al., 1996) . Imaging studies show decreased regional brain volumes in the parietal and occipital lobes, hippocampus, caudate nucleus, and thalamus (Brown et al., 2002 (Brown et al., , 2004 Murphy et al., 1993; Reiss et al., 1995b) .
Neuroimaging approaches may be used to uncover common patterns of functional and anatomical differences in children with these disorders to help relate genetic variations to brain organization and behavior. This is called a behavioral neurogenetics approach (Reiss and Dant, 2003) . To identify possible common mechanisms and pathways involved in the etiology of these three disorders, we used diffusion tensor imaging (DTI) to map the 3D profile of white matter abnormalities in children with 22q11.2DS, FXS, and TS compared to typically developing (TD) children. DTI is a variant of magnetic resonance imaging (MRI) that enables the study of the white matter microstructure, including tracts. These tracts are formed by coherent bundles of axons, in which water diffusion is hindered by cell membranes and the myelin sheaths that surround them. DTI visualizes the directionality of water diffusion, which is greater along the axis of the axons than perpendicular to them.
Here, we set out to determine whether specific patterns of abnormal white matter microstructure are found within each of the genetic disorders, and whether common patterns of neuroanatomical abnormalities can be observed within the three disorders. In terms of cognition, there are two impairments shared by these 3 neurogenetic syndromes -impairments in visuospatial processing and numerical (including arithmetic) ability. Numerical and arithmetic abilities are thought to share some neural/cognitive processes with visuospatial tasks (representation of a mental number line, alignment of digits in calculation, borrowing/carrying concepts). Since numerical abilities develop later than visuospatial abilities it has become widely accepted that the latter is constructed out of, or at least depends heavily on, the former (Hubbard et al., 2005; Simon, 1997 Simon, , 2011 Walsh, 2003) . Visual processing is thought to involve two "streams" of information processing: the dorsal "where" stream (encoding information on spatial position) and the ventral "what" stream (encoding information on shape recognition and differentiation). The three syndromes analyzed here may all involve dorsal visual processing stream impairments (Bearden et al., 2001; Braddick et al., 2003; Farzin et al., 2008; Hoeft et al., 2007a; Kesler et al., 2004) . At least one review reports common neural differences (Walter et al., 2009 ) -primarily abnormal structure and function of the parietal lobe (important for visuospatial and arithmetic tasks) and the superior longitudinal fasciculus (SLF).
Some initial DTI studies on 22q11.2DS report altered white matter anisotropy in occipital, parietal and frontal regions (Barnea-Goraly et al., 2003b; Simon et al., 2005a Simon et al., , 2008b . DTI analysis has revealed lower anisotropy in frontal-striatal and parietal sensorimotor tracts along the corona radiata and centrumsemiovale in FXS (Barnea-Goraly et al., 2003a) . And in TS, DTI studies reveal lower anisotropy in fronto-parietal white matter, prefrontal cortex close to the caudate, orbitofrontal region, and in bilateral internal capsules and higher FA in the temporoparietal pathways (Holzapfel et al., 2006) . We hypothesized that common developmental abnormalities would be found within the white matter structure across all three disorders, compared to controls, especially in areas that carry long association fibers. Long association fibers such as the SLF, the inferior longitudinal fasciculus (ILF) and the inferior fronto-occipital fasciculus (IFO) connect lobes within the hemispheres. They transfer information from anterior to posterior regions of the brain or vice versa. These areas comprise the anterior branch of the internal capsule, the external capsule, and non-specific white matter in the temporal, parietal and frontal lobes.
We hypothesized that common developmental abnormalities would be found within the white matter structure between all three disorders when compared to controls, especially in those areas where long association fibers travel. Long association fibers such as the SLF, the inferior longitudinal fasciculus (ILF) and the inferior fronto-occipital fasciculus (IFO) are long association fibers that connect lobes within the hemispheres transferring information from anterior to posterior portions of the brain or vice versa. Those areas comprise the anterior branch of the internal capsule, the external capsule, and non-specific white matter in the temporal, parietal and frontal lobes.
Methods

Participants and scanning protocol
Quality control of the data was done to eliminate scans that did not adhere to our protocol suffered from severe motion artifacts. Scans were collected at two locations (Tables 1 and 2 ). One group included the children with 22q11.2DS, FXS and corresponding agematched TD controls (total 57 children) scanned at the University of California Davis Medical Center, in Davis, California (UCDMC). This group included 20 TD girls ranging in age from 7 to 14 years (mean: 10.17±2.28 years), 19 girls with 22q11.2DS, ranging in age from 7 to 14 years (mean: 10.75± 1.87), and 18 girls with FXS, ranging in age from 7 to 14 years (mean: 11.01 ± 2.12 years). Separate groups of children were scanned at the Thomas Jefferson University (TJU) in Philadelphia, PA including 19 TD females ranging in age from 6 to 14 years (mean: 10.6 ± 2.2) as well as 15 girls with TS from 7 to 13 years of age (mean: 10.56 ± 2.67 years). All the TS girls were nonmosaic (45,X karyotype) and none of them was being treated with estrogen at the moment of the image acquisition. We only analyzed girls for 22q11.2DS and FXS since we wanted to exclude gender as a confounding factor between TS (affected individuals are genetically determined to be females) and these diseases.
Scans from UCDMC were acquired on a 3.0-Tesla Siemens MAGNETOM Trio scanner (Siemens Medical Solutions, Erlangen, Germany) and consisted of a DTI sequence based on single-shot echo planar imaging, with the following parameters: field of view (FOV) = 22 cm × 22 cm, matrix size = 128 × 128, TE/TR = 99/ 6700 ms, 40 axial slices, slice thickness 3 mm, and in-plane resolution of 1.72 × 1.72 mm 2 . We acquired 13 volumes per subject: one with no diffusion sensitization and 12 diffusion-weighted images (with a diffusion weighting set to b = 1000 s/mm 2 ), with gradient directions uniformly distributed on the unit hemisphere, for unbiased angular sampling of diffusion. T1 weighted structural images were also acquired for all of the 57 subjects of this group with the following parameters: MPRAGE, TE = 4.82 ms, TR = 2170 ms IT = 1100 ms, FOV = 25.6 cm × 25.6 cm, in-plane resolution of 256 × 256 with 192 slices, slice thickness of 1.00 mm.
The scans at TJU were collected using a Philips 3.0-Tesla whole body clinical MRI system (Achieva, Philips Medical Systems, Best, The Netherlands) equipped with a Quasar Dual high performance gradient system. Subjects scanned included the individuals with Turner syndrome with their corresponding typically developing controls. The acquisition consisted of a single-shot echo planar imaging and SENSE (sensitivity encoding) sequence to reduce scan time (TE/ TR 99/6700 ms, 15.2 cm FOV, 128 × 128). Each 3D volume consisted of 40 axial slices (1.19 mm × 1.19 mm × 3 mm). The imaging protocol included a single non-diffusion-weighted (b = 0 s/mm 2 ) reference image followed by 16 diffusion-weighted images with different gradient directions, with a diffusion weighting of b = 1000 s/mm 2 , for a total of 17 volumes. The gradient directions were distributed uniformly on the unit hemisphere, for unbiased angular sampling of diffusion. Additionally, each subject had four full acquisitions of the 17 volumes. T1 weighted structural images were acquired with an MPRAGE protocol for the 34 subjects of this group. The parameters were: TE = 3.2 ms, TR = 6 ms, FOV = 25.6 cm × 25.6 cm, in-plane resolution = 256 ×256 with 160 slices, slice thickness of 1 mm. Once scanning was finished, quality control of the data was done to eliminate scans that did not adhere to our protocol or that suffered from severe motion artifacts. Comparisons were made only between groups imaged on the same scanner, to avoid confounding effects of scanning site. The methods described below, i.e. DTI preprocessing, anisotropy and diffusivity computation, template creation and registration, and statistical analysis, were done separately for each of the two scanning groups specified in Tables 1 and 2 . We analyzed five groups of participants -3 of them scanned at UCDMC: 19 girls with 22q11.2DS, 18 girls with FXS and 20 typically developing girls; and 2 of them scanned at TJU: 15 girls with TS and 19 typically developing girls. The 22q11.2DS and the FXS groups were compared to the 20 typically developing girls at UCDMC. We refer to the typically developing group from this site as TD1 below. The TS group and the 19 typically developing girls from TJU were also compared in the statistical analysis; below, we use TD2 to refer to the typically developing group scanned at TJU.
Structural T1-images preprocessing
We used the robust, learning-based brain extraction system (ROBEX) to skullstrip the brain T1-weighted images (Iglesias et al., 2011) . After automatically delineating the brains, we had an expert delineator manually examine each of these to correct for any inconsistencies, using BrainSuite's visual interface (http://users.loni.ucla.edu/ shattuck/brainsuite). We then corrected the skull-stripped T1 images for intensity non-uniformities using N3 (http://www.bic.mni.mcgill. ca/ServicesSoftware/HomePage). Then, by using FSL's FLIRT tool (Jenkinson and Smith, 2001) , we linearly aligned, with 6 degrees of freedom, the skull-stripped T1 images for each child to the NIH pediatric atlas (NIHPD) (http://www.bic.mni.mcgill.ca/ServicesAtlases/NIHPDobj1) (Fonov et al., 2011 ) that was previously downsampled to a 110 × 110 × 110 resolution. We used the asymmetric, T1 version of the NIHPD atlas, age range 7.5-13.5 years old (pre-to mid puberty), based on 162 subjects.
DTI preprocessing
We automatically removed non-brain regions from the b 0 (non-diffusion weighted) images using FSL's BET (Smith, 2002) (http://fsl.fmrib.ox.ac.uk/fsl/) then manually refined the brain extraction. The 4 scans of each child's data acquired at TJU were co-registered into a single volume for further processing. Raw diffusion weighted images (DWIs) were corrected for eddy current distortions using FSL's "eddy_correct" method.
Next, the b0 image of each subject was linearly aligned to the corresponding T1 structural image that was previously aligned to the 110 × 110 × 110 NIHPD atlas using 9 degrees of freedom so that both the T1 and DWI images were in the same space, and in performing Table 2 Description of the two groups of subjects scanned at the Thomas Jefferson University. The scanning protocol of the diffusion MRI at this site is specified as well. this alignment, generated subject-specific transformation matrices. These transformation matrices were then applied to the rest of the subjects' volumes and were used to rotate the original scanner gradient vectors. In order to adjust for any echo planar imaging (EPI)-induced susceptibility artifacts, we performed a 3D non-linear inverse-consistent elastic intensity-based warping technique with a mutual information cost function (Leow et al., 2005) of the b 0 image (previously linearly aligned to the T1 structural image) to each subject's T1 image. The transformation derived from this registration was then applied to all of the DWI volumes.
Computing anisotropy and diffusivity
Once we rotated the original gradient vectors using the rotation matrix from the linear transformation to the T1 structural image and the DWI volumes that were corrected for EPI-induced distortions, we computed diffusion tensors and derived scalar measures, using FSL. Fractional anisotropy (FA) is the most common measure of fiber integrity derived from DTI. It represents at a microstructural level the integrity of myelinated neuronal fiber tracts as well as fiber diameter and density. At a macrostructural level, it represents the fiber-tract coherence. We compared FA values at each voxel between the 3 diagnostic groups and the typically developing control children. FA was calculated from the tensor eigenvalues (λ 1 , λ 2 , λ 3 ), according to the standard formula:
where bλ> is the mean diffusivity. Mean diffusivity (MD) is an overall summary measure of the diffusion in all directions, in a voxel or region. It can be interpreted as the mean displacement of the water molecules within the voxel and also characterizes the overall presence of obstacles to diffusion. Axial diffusivity (AD) represents the principal eigenvalue (λ 1 ) of the diffusion tensor -that is, the diffusion along the dominant direction within the voxel (i.e., along the dominant fiber). AD has been associated with axonal integrity (Assaf et al., 2008) . Radial diffusivity (RD) characterizes the other two eigenvalues of the tensor (λ 2 , λ 3 ) -measuring diffusivity along the two axes orthogonal to the principal one. RD is defined as:
It has been shown that RD is decreased when there is myelin loss (Assaf et al., 2008; Tournier et al., 2011) and is also associated with myelin content in the white matter, although lower RD values do not necessarily indicate demyelination. We hypothesized that we might find higher MD, AD, and RD in atypically developing girls compared to TD girls.
Template creation and registration
As we analyzed data from two different scanning locations, we kept the two data sets (acquired on the different scanners) separate for processing and analysis. In particular, starting from this point of the analysis; a minimal deformation template (MDT) is created for each group and all subjects are registered to each group's MDT.
First we created an FA-based minimal deformation template (MDT) -a template image used for registration that represents common anatomical features for a group of participants. From the set of scans acquired at UCDMC (22q11.2DS, FXS and TD1), we took the FA maps of all the typically developing girls (TD1 group) to create the MDT, which we will call MDT-1. In the same way, all the FA maps from the typically developing girls scanned at TJU (TD2) were used to create their corresponding MDT, which we will call MDT-2.
To compute both MDTs (MDT-1 and MDT-2), the first step was to create an affine average template. We used 12-parameter AIR to register images affinely (Woods et al., 1998) . For group-wise registration, Nx(N-1) transformations were computed and composed using the AIR 'reconcile' tool to bring all images into a common 12-parameter space. The second step was to create a non-linear average. For this, all individual FA maps were non-linearly registered to the affine average template (mean of the affinely aligned images) using a non-linear inverseconsistent fluid intensity-based registration algorithm . The non-linear average template was computed as a voxel-wise average of the intensities of the FA maps that had been non-linearly registered to the affine average template. Finally, we created the MDT by applying the inverse of the average deformation field to the mean of nonlinearly registered images.
FA maps of all children with each of the three genetic disorders and all typical developing controls were registered to their corresponding FA-based MDT using a 3D non-linear inverse-consistent elastic intensity-based warping technique with a mutual information cost function (Leow et al., 2005) . Thus, 22q11.2DS, FXS and TD1 groups were registered to MDT-1, and TS and TD2 groups were registered to MDT-2.
To better align white matter regions of interest, the FA-MDTs (MDT-1, and MDT-2) and all whole-brain registered FA maps from each individual subject were thresholded at FA > 0.2 to exclude contributions from non-white matter. Thresholded FA maps were re-registered to the corresponding thresholded MDT. Additionally, we applied the deformation fields computed from the first round registration (whole FA volume to whole MDT) and last round registration (from the thresholded-FA to the thresholded MDT) to each subject's previously computed mean, axial and radial diffusivity maps.
Tissue specific smoothing compensation
We implemented the tissue-specific-smoothing compensation method (T-SPOON) as described in Lee et al. (2009) . Once each subject's FA map was non-linearly registered to the minimal deformation template, we thresholded these FA maps to extract the white matter "skeletons" by taking only the voxels with values higher than 0.2, and then binarize them. These skeletons are considered to represent the white matter (WM), thus we will refer to these as WM masks. We also kept a non-binarized version of the thresholded FA. The second step consists of spatial smoothing of both the thresholded FA maps and to the WM masks with a Gaussian smoothing kernel of 2 × 2 × 2 mm. Finally, we divided the smoothed thresholded FA masks by the smoothed white matter masks. This method was proposed by Lee et al. to compensate for the spatial smoothing effects by dividing the smoothed FA maps and the smoothed tissue specific masks.
Statistical analyses
We compared the FA, AD, RD and MD maps of the subjects from each of the three disease groups to the controls from the same imaging site. A linear regression model was used to adjust for any confounding effects of age in the different diagnostic groups (p b 0.05 significance level). In this regression analysis the corresponding FA, AD, RD and MD maps for each child were considered as the outcome variable, while diagnostic group, age and total brain volume were used as predictors. To correct for the increased risk of Type I (false positive) errors due to the thousands of voxel-wise association tests, we used the false discovery rate (FDR) method (Benjamini and Hochberg, 1995) to correct for multiple comparisons. All maps are shown thresholded at the appropriate FDR critical p-value, where such a threshold exists, to show only regions of significance with an expected 5% false posi tive rate (q = 0.05). Importantly, reported higher critical p-values correspond to greater overall effect on the brain, not an effect size at a particular location. The "critical" p-values used in FDR analysis are not identical to the usual meaning for p-values, which estimate the probability that any given effect has arisen by chance. Instead, the critical p-values show the highest threshold that can be applied to the maps, if there is one, while still being able to say that only 5% of the voxels shown are expected to be false positives. There is no notion of effect size directly corresponding to this p-value, although there is an effect size at each location in the brain. Essentially the critical p-value comes from a cumulative distribution function (histogram) of all the p-values in the map, such that a large number of weak effects or a smaller number of large effects would be counted as significant. As such an impression of the effect size in the map could be inferred from the p-value CDF plot, as we have done in some of our prior papers (Chou et al., 2008) .
Quantitative assessment of overlap
We used the Dice coefficient to measure the overlap of the significant areas in the p-maps obtained after the statistical analysis. In doing so, we have to bear in mind that the extent of the significant region depends on the sample size, and with an expanded sample group differences may be detected in more regions. As a result, any statements regarding overlap may be conservative estimates of the regions implicated across multiple disorders. We compared each p-map with significant voxels in it to each of the other p-maps. The results of this analysis are detailed in the Results and Discussion sections below. To ensure a fair comparison between the maps calculated in the both MDTs (MDT-1 and MDT-2), we non-linearly registered MDT-2 to MDT-1. We then applied this transformation to each of the maps in the MDT-2 space with a nearest neighbor interpolation.
Given two sets, the Dice coefficient measures the agreement between them. If A and B are the two sets, the Dice coefficient is given by:
A value of 0 indicates no overlap; a value of 1 indicates perfect agreement.
Tractography and anatomical location of the areas of significance
We performed whole-brain tractography with a global probabilistic approach based on the voting procedure provided by the Hough transform (Aganj et al., 2011) . This algorithm tests candidate 3D curves in the volume, assigning a score to each of them. It then returns the curves with the highest scores as the potential anatomical connections. The score is accordingly derived from the DWI data (for details, please see Aganj et al., 2011) . We calculated a total of 10,000 fibers for each subject.
The significant areas within the maps derived from the statistical analysis were transformed back to the each subject's space, where the tractography was calculated. By doing this, we were able to overlay the significant areas in the space of the subject's tractography and were able to set them as ROIs to extract and identify the tracts crossing those ROIs.
Results
Girls with 22q11.2 had abnormally lower FA values, relative to corresponding typically developing controls (TD1), in the following regions bilaterally: superior temporal gyri and in the superior corona radiata (p b 0.00026), (Fig. 1) . This pattern of significance was replicated in the AD maps, where 22q11.2 girls had lower AD and MD in the same regions mentioned above in addition to the middle temporal (Fig. 1) .
By contrast, girls with 22q11.2DS had higher AD, RD and MD values in regions including clusters in the corpus callosum (genu and splenium), the anterior limb of the internal capsules, external capsules, inferior and posterior parts of the thalami (p b 0.0010, 0.0016 and p b 0.0011) (Fig. 1) . In addition to this, RD and MD maps also showed higher diffusivity values in 22q11.2DS where TD1 children have higher FA and AD values as described above (superior corona radiata and superior and inferior temporal lobes).
Relative to the TD1 group, girls with FXS showed very similar AD, RD and MD areas of significance (p b 0.0036, p b 0.0096 and p b 0.0086 respectively). These maps showed higher diffusivity values, areas including the corpus callosum (splenium and genu), the superior and posterior corona radiata, anterior limb of the internal capsules, the external capsules, extended areas of the temporal lobes, occipital lobes, inferior portions of the thalami and central portions of the right thalamus (Fig. 2) . No p-values survived the FDR correction when analyzing the FA maps of FXS vs. TD1 girls.
Relative to TD2 controls, girls with TS had lower FA in clusters in the superior corona radiata, left superior frontal gyrus, corpus callosum (splenium and genu), the anterior and posterior limbs of the internal capsules, cerebral peduncles, and the occipital and temporal lobes (p b 0.0046) (Fig. 3) . 22q11.2 girls showed significant higher diffusivity values in RD and MD maps in the same areas mentioned above, but with less involvement of the internal capsules and the cerebral peduncles (p b 0.0025 p b 0.00068) (Fig. 3) . AD maps of TS vs. TD2 girls were not significantly different.
When analyzing the dice coefficients (DC) resulting from comparing the maps (see Table 3 ) with statistically significant differences, we found the highest score when comparing the maps where FXS girls had higher AD and RD values than the TD1 controls (DC: 0.8569) (Fig. 2) , and when comparing the maps where AD, RD and MD were higher in 22q11.2DS than in TD1 (also see Table 3 ), where all DC were above 0.6 (better agreement the closer to 1). All of the other comparisons made were below 0.2, where it is worth mentioning the across-syndrome similarities in maps. We found a certain level of overlap between the areas of higher FA in TD2 over TS and the areas of higher AD in FXS than in TD1 (DC: 0.1524). Additionally, the areas where TS had higher RD than TD2 controls overlapped with areas where AD was higher in FXS than in TD1.
There were interesting findings when using the significant clusters from the maps as ROIs to parcellate the tractography results. We used tractographies from the typically developing groups (TD1 and TD2) to better identify the tracts involved. For clarity, we also distinguished the three major types of fibers: long association fibers, projection fibers and commissural fibers (corpus callosum).
Long association fibers
We found the superior longitudinal fasciculus (SLF) to be involved in all three syndromes studied here, as the significant areas in parietal and temporal lobes where FA was lower in 22q11.2DS and TS compared to TD intersected it (Figs. 4, 7) . The SLF also passed through areas where the AD, RD, and MD were higher in FXS (Fig. 6 ) and where RD was higher in 22q11.2DS (Fig. 8) .
The inferior longitudinal fasciculus (ILF) also intersected areas in the temporal and occipital lobes where FA was lower in 22q11.2DS and TS (Figs. 4 and 7) , especially in the right hemisphere. The ILF could also be identified crossing regions where the AD, RD and MD were higher in 22q11.2DS and FXS (Figs. 6 and 8) , as well as where RD and MD were higher in TS. In all these maps, tractography showed that the ILF was more clearly involved on the right hemisphere.
The inferior fronto-occipital fasciculus (IFO) was found to be intersecting significant clusters in the right hemisphere where FA was lower in TS (Fig. 4) and where AD, RD and MD were higher in FXS girls (Fig. 6) . Also some IFO fibers were identified intersecting small clusters with lower RD and MD in TS girls (Fig. 4) . The intersecting (Benjamini and Hochberg, 1995) .
clusters were mainly seen in the temporal and occipital lobes and in the anterior limbs of the external capsules.
Projection fibers and corpus callosum
In general, the significant scattered clusters that were found within the central and posterior corona radiata were intersected by a myriad of projection fibers (cortico-thalamic, cortico-spinal, cortico-cerebellar). We noticed a pattern where FXS girls had higher AD, RD, and MD than TD1 controls (Fig. 6) , where TS had lower FA and higher MD and RD than TD2 (Fig. 5) and where 22q11.2DS girls had higher AD and RD than TD1 (Fig. 7) . These areas were also intersected by some fibers from the body of the corpus callosum.
We could also see cortico-thalamic projection fibers running through statistically significant clusters of the postero-inferior sections of the thalami to the occipital lobe. This pattern was seen where FXS had higher AD, RD, and MD than TD1 and in areas where 22q11.2DS had higher AD and RD than TD2 controls.
As mentioned above, the anterior limb of the internal capsule had higher AD, RD and MD in FXS and lower FA and higher RD and MD in TS. This area was crossed by projection fibers to the frontal lobe (Figs. 4,  6 and 8 ).
Discussion
The current study aimed to test the hypothesis that, given the phenotypic overlap in three different genetic syndromes (22q11.2DS, FXS, TS), there would be broad white matter structural differences and similarities determined across these groups compared to typically developing children in regions known to be related to visuospatial and numerical processing.
We found patterns of statistical differences of typical developing children having significantly higher FA values than atypically developing ones, which were also replicated in the diffusivity maps where non-typical developing children had higher diffusivity values than controls. This pattern of findings was evident when measuring the overlap of these maps (Table 3) . FA is said to account for white matter fiber integrity and fascicle coherence. In general, we expect higher diffusivities in areas where FA is diminished (Thomason and Thompson, 2011) . In one case, our results for FXS compared to TD did not show significant differences for FA but rather widespread differences in all three diffusivity measures within the white matter.
Clearly, differences in FA and diffusivity measures between typical and non-typical children do not necessarily have the same causes in each of the three disorders studied here. Even so, pathological evidence supports some similarities among the three conditions. In general, FA, AD, RD and MD depend mainly on structural variables such as axonal packing, myelination, membrane permeability to water, internal axonal structure, and intra-axonal space (Assaf et al., 2008) . For example pathological findings in TS point out the prevalence of cortical organization Table 3 In this table we show the highest scores after calculating the dice coefficient when comparing the maps where FA, AD, RD, and MD were significantly higher in 22q11.2 deletion syndrome (22Q), Fragile X syndrome (FXS), and Turner syndrome (TS) over their corresponding typical developing group (TD1 and TD2) or vice versa. In bold: The comparisons across syndromes that resulted with a relatively higher score. (Benjamini and Hochberg, 1995) . abnormalities such as cortical dysplasia, pachygyria and polymicrogyria, and posterior fossa malformations that may ultimately alter axonal packing in the white matter (Della Giustina et al., 1985; Terao et al., 1996; Tombini et al., 2003) . Myelin has been reported as normal in TS though (Palo and Savolainen, 1973; Sy et al., 2010) . In 22q11.2DS, there have been radiological and pathological reports of cortical dysgenesis and abnormal gyrification patterns in some patients (Kiehl et al., 2009; Robin et al., 2006; Schaer et al., 2006; Sztriha et al., 2004) . There is also experimental evidence of abnormal neuronal proliferation and migration in early stages of development resulting in an altered cortical connectivity pattern (Meechan et al., 2009) . Focal myelin damage in 22q11.2DS has been related to post-developmental vascular events and microvascular anomalies caused by dysregulated angiogenesis. Experimental evidence in FXS has revealed abnormal dendritic spine lengths and shapes on neocortical pyramidal cells, but no other major neuropathological abnormalities have been reported (Irwin et al., 2000; Rudelli et al., 1985; Wisniewski et al., 1991) . These findings suggest the failure of normal dendritic spine maturation, and/or pruning, but not neurogenesis or migration problems. Thus, in the three diseases, the neuropathogenesis is more related to disrupted connectivity in early or later phases of development. Abnormal neuronal connectivity, either locally or throughout the entire brain, may ultimately affect axonal integrity and adequate packing of axonal bundles. This may lead to atypical developmental trajectories as has been demonstrated for 22q11.2DS, for example (Simon et al., 2008b) .
Our findings show lower FA and AD plus higher MD and RD values in 22q11.2DS children especially in posterior regions of the brain (parietal, occipital and posterior temporal lobes), mainly in areas intersecting the inferior longitudinal fasciculus (ILF), superior longitudinal fasciculus (SLF) (Figs. 1, 7 and 8 ). Prior studies also reported lower anisotropy in areas corresponding to the SLF (Barnea-Goraly et al., 2003b; Simon et al., 2008b) . Simon et al. (2008b) also found significant lower anisotropy in the external capsules, which they considered to be part of the inferior longitudinal fasciculus (IFO) and in a similar fashion our analysis also revealed increased RD and MD in the same location. Other regions of interest in participants with 22q11.2DS included significantly lower FA values and higher AD, RD and MD in bilateral clusters in the inferior and posterior part of the thalami which we could demonstrate that is where a bundle of fibers projecting to the occipital cortex is originating. When analyzing FA values in the parietal white matter, Barnea-Goraly et al. found a positive correlation between FA and arithmetic scores achieved by subjects with 22q11.2DS in the left parietal lobe. In addition to this, in a study using DTI data acquired at 1.5 T, with 6 diffusion gradient directions and a coarser in-plane matrix, Simon et al. reported differences in the parietal lobes of 22q11.2DS children (girls and boys together) consisting of significant direct correlation of higher FA and higher AD to poorer performance on a visuospatial attention task that would be expected to involve contiguous cortex. According to the authors, this suggests a lower degree of connectivity of the parietal cortex to surrounding cortex (Simon et al., 2005b , Simon et al., 2008b ). Although we were not able to correlate our neuroimaging measures with visuospatial and arithmetic performance, we did find higher AD (as well as RD) but not FA in the parietal white matter of 22q11.2DS girls. This may be due to differences in the acquisition parameters for the DTI data, although its cause is not entirely clear.
Our findings of 22q11.2DS white matter abnormalities are related to previous volumetric morphometry studies. Besides having lower brain volumes (by 8-11%) (Eliez et al., 2000; Kates et al., 2001; Simon et al., 2005b) , in both gray and white matter, reductions are more localized towards the cerebellum and parietal, temporal and occipital lobes, which are in the posterior regions of the brain. ROI-based studies of structural MRI found reduced white matter volumes in areas in the parietal, occipital and temporal regions (van Amelsvoort et al., 2001 ). Reduced gray and white matter in superior temporal regions has also been associated with the increase psychosis risk in this population (Chow et al., 2011; Gothelf et al., 2007a,b) . Decreased volumes of posterior thalamic nuclei in children with 22q11.2DS (Bish et al., 2004) have been reported as well.
We found areas of significant differences of FA and diffusivity measures at the edges of the corpus callosum in children with 22q11.2DS, more specifically at the genu and the splenium (Fig. 1) . There is considerable evidence showing volumetric differences of the corpus callosum, the lateral ventricles and thalami between typical developing children and 22q11.2DS children. Prior volumetric studies of the corpus callosum found a generally increased volume in individuals with 22q11.2DS, particularly in the isthmus (Shashi et al., 2004) and rostrum (Machado et al., 2007) but also in the splenium (van Amelsvoort et al., 2001 ). Machado et al. also found a significant correlation between ventricular enlargement and corpus callosum curvature along the rostral body, posterior midbody, isthmus and splenium of the 22q11.2DS individuals (Machado et al., 2007) . In addition to this, Simon et al. reported higher FA values within the splenium in typically developing children (Barnea-Goraly et al., 2003b; Simon et al., 2005b) , which is consistent with our findings, and they concluded after a voxel-based morphometry analysis comparing TD and 22q11.2DS that these findings in the corpus callosum were explained by a change in location and morphology of this structure due to enlarged lateral ventricles in the 22q11.2DS population. Additionally, there is evidence of decreased volume in the thalamus -particularly in its posterior nuclei (Bish et al., 2004) , which may also add to the structural differences surrounding the lateral ventricles. Further analysis of this area is required to identify areas of the splenium with significant FA differences that are not merely due to volumetric differences between populations.
Prior fMRI studies have suggested disrupted fronto-parietal connectivity in subjects with 22q11.2DS. Children with 22q11.2DS have shown functional abnormalities within this network, for example abnormally increased activations in prefrontal, precentral gyrus and parietal cortex when solving arithmetical tasks. Additionally, there was increased activity in supramarginal gyrus when solving numerical computation tasks of greater difficulty (Eliez et al., 2001b) as opposed to a steady normal frontal and parietal activation in control subjects. The authors argued this to be related to the need to recruit more resources to perform the tasks. In another study, 22q11.2DS children and adolescents were compared to TD controls during a spatial working memory task (Azuma et al., 2009) , researchers found a greater activation in the TD group than in children with 22q11DS in the parietal and occipital regions with no significant difference in activation of frontal regions (dorsolateral prefrontal cortex).
Although we did not find significant differences in FA between FXS girls and controls, our study did find an increase in all three diffusivity measures (AD, RD and MD) in FXS girls in a very similar fashion (Fig. 2 and Table 3 ). These significant clusters were consistent with previous DTI findings of lower FA in the corona radiata and centrum semiovale (Barnea-Goraly et al., 2003a) and our findings do also extend to the temporal and occipital lobes, internal and external capsules, corpus callosum and thalami. These areas involve SLF, ILF, and IFO fibers. Previous volumetric studies have found increased white matter in temporal and parietal lobes of FXS children , areas where these tracts travel through. Also some fMRI studies that have investigated arithmetic abilities and working memory function in FXS children have pointed out a dysfunction in the fronto-parietal networks. Rivera et al. (2002) investigated arithmetic processing in females with FXS versus typically developing controls (Rivera et al., 2002) and they found impaired activation of the superior frontal gyrus during arithmetic tasks in part of a network including the parietal lobe. That study showed that individuals with FXS were unable to modulate activation in prefrontal and parietal cortex, as evidenced by an inability to recruit new neural resources in response to increasing cognitive load. Studies evaluating attention in subjects with FXS revealed a network between the thalamus, the basal ganglia, the cingulate, the temporal and occipital cortex and the ventrolateral and dorsolateral prefrontal cortex (VLPFC and DLPFC, respectively) . This network is heavily modulated by the FMRP levels and, in general, FXS shows impaired activation of the VLPFC and DLPFC compared to typical developing controls Hoeft et al., 2007b) .
To the best of our knowledge, there are no reports on corpus callosum structural or functional abnormalities in FXS. Our prior tensor-based morphometry study , in a non-overlapping cohort, compared age-matched FXS subjects (mean age 14 years) with normal controls. There, we found increased volume in periventricular white matter, parietal and temporal subcortical white matter, as well as enlarged lateral ventricles. It is unknown how much of this white matter volume increase is due to alteration in the corpus callosum fiber structure. There is a paucity of DTI studies of FXS, so our findings in the corpus callosum need further validation and replication.
TS (Held et al., 1992) . Additionally, many women with TS receive estrogen replacement therapy due to ovarian failure, which adds another variable that may influence the brain's developmental trajectory. Three studies have investigated white matter structure with DTI in TS. Each of these studies has examined different populations with TS in terms of their genotype and onset of hormonal replacement therapy at the time of data acquisition. The first study using DTI in TS included a mixture of mosaic and nonmosaic TS young adult women, and all but one of whom were being treated with estrogens (Molko et al., 2004) . They found higher FA values in TS women in both superior temporal sulci and the right centrum semiovale and right external capsule, and no there were significant regions with lower FA. Nonetheless, MD was higher in TS women in the right fusiform gyrus and in the occipitotemporal region, bilaterally. Subsequently, Holzapfel et al. (2006) examined a sample of only nonmosaic children and young adults-all but two were receiving hormonal treatment. Their results showed lower FA in TS in the deep left frontoparietal white matter (SLF), in the right prefrontal cortex close to the caudate, and in the internal capsules, bilaterally. These locations were also significant in the same study for reduced white matter density, as seen with VBM, and TBM. Additionally, the TS group exhibited higher FA values in the right precentral gyrus and in the temporal gyri.
The latest of these studies (Yagamata et al., 2011) investigated the white matter of a very similar cohort to ours, namely only 45, X karyotype, nonmosaic girls, none of them with estrogen treatment. Using TBSS (Smith et al., 2006) and an atlasbased approach they found lower FA in these girls in regions of the white matter very similar to ours: the SLF bilaterally (more prominent on the left side), the ILF (more prominent on the left) and the IFO, although we found the right ILF to have more areas with significant differences. They also found lower FA in extended areas of the corpus callosum, including the splenium, body, genu and tapetum, as well as in the corticospinal tract, anterior and posterior thalamic radiations. We consistently found lower FA in TS in these areas as well. They report finding areas of lower FA in the left external capsule, where we did not find any significant difference between TS and control girls.
Our study has the limitation of not having the cognitive tests available of the TS girls, which makes the results more difficult to interpret in terms of their relevance for cognition and behavior, and also implies that we cannot make strong generalizations to other cohorts who may differ cognitively or behaviorally. Even so, our cohort of TS girls is genetically homogeneous as well as clinically in terms of the estrogen replacement therapy and many of our findings were highly consistent with findings reported in prior studies. Some white matter regions have been consistently found to be altered in all the studiesin particular, the occipitotemporal region, which contains fibers of the ILF and IFO. The SLF, especially on the left side, and the internal capsules bilaterally -which are crossed by a myriad of projection fibers have been reported to be altered in two of the studies mentioned above that analyzed only nonmosaic girls, as well as in ours. This suggests that there may be white matter structural abnormalities in TS that are not affected by hormonal replacement therapy and that depend more on the specific genetic load given by the sex chromosomes in earlier stages of brain development. SLF, ILF and IFO are association tracts that connect the frontal lobe to the more posterior regions of the parietal, occipital and temporal lobes. They are thought to play an important role in the transport of information between these areas, particularly in visuospatial tasks, attention and numerical reasoning. Behavioral studies support the view that visuospatial and perceptual deficits in TS (mosaic and nonmosaic) persist from childhood into adulthood and do not improve with estrogen replacement, whereas motor and certain memory functions respond to this kind of therapy (Ross et al. 2000; Ross et al., 2002) . In addition to this, fMRI studies on nonmosaic and mosaic adult women with TS have shown impaired frontoparietal activation during numerical tasks and visuospatial paradigms while being on estrogen therapy (Molko et al., 2003; Hart et al. 2006 ). In the future, efforts should be directed towards imaging studies with more homogeneous populations with TS, while taking into account important cognitive and therapeutic aspects in these women.
We did find common abnormalities shared by the 3 syndromes. The most prominent commonality was the finding of altered FA and diffusivity of the SLF in the three syndromes. In 22q11.2DS this region showed lower FA and higher AD, RD and MD, most prominently on the left side (Figs. 7 and 8) . The SLF showed higher AD, RD and MD in FXS (Fig. 6 ) and in TS the same region showed higher RD and MD and lower FA in both hemispheres (Fig. 4) . Prior DTI studies on the anatomy of the SLF have been able to correlate the anatomy of this fasciculus with its counterpart in non-human primates. It has been divided into three three sections: a fronto-parietal component that runs lateral to the projection fibers of the corona radiata (SLF I), a temporo-parietal part that runs around the Sylvian fissure (SLF II) and a more lateral one that penetrates the perisylvian cortex (SLF III) (Catani and Thiebaut de Schotten, 2008) . Interestingly, we found that the altered section in TS is the temporo-parietal section (SLF II), whereas for 22q11.2DS and for FXS the fronto-parietal section is clearly involved (SLF I). The SLF is part of brain networks processing language, spatial working memory and numerical tasks on the left side (van Eimeren et al., 2010; Vestergaard et al., 2010) , to visuospatial attention in the right side (de Schotten et al., 2011) . Interestingly, numerical ability tends to show positive correlations with FA values in the left SLF (van Eimeren et al., 2010) . As we noted before, for all three syndromes there is substantial evidence that fronto-parietal connectivity is disrupted, and this may contribute to poorer performance on tasks involving attention, visuospatial working memory and arithmetic. Despite the age range of our cohort, and that the SLF anisotropy and diffusivity signals are not fully mature until the mid-teen years (Lebel et al., 2008 , Qiu et al., 2008 , we were still able to see differences. In terms of known functions of the SLF, we could not find an explanation to account for different sections of this tract being involved TS vs. FXS/22q11.2DS.
We found the ILF to be altered in the three syndromes, but whereas the differences could be seen bilaterally in the TS and FXS subjects (lower FA and higher diffusivity values), the findings were unilateral in 22q11.2DS children. FA was clearly lower and MD and RD higher in the right ILF in these subjects and TD controls had higher AD values bilaterally. Very similar effects were also found for the IFO, which intersected significant clusters in the external capsules and frontal lobes in TS and FXS, but not in 22q11.2DS where its fibers showed differences mainly on the right side. The ILF connects the occipital and temporal lobes and is involved in visual perception (Ffytche, 2008) and face processing (Fox et al., 2008) . Different functional studies have found impairments in the occipito-temporal network in facial recognition and verbal processing in FXS and 22q11.2DS (van Amelsvoort et al., 2006; Holsen et al., 2008) . The role of the IFO in these syndromes' cognition and executive functions is less clear, but there is some evidence linking this tract to visual processing and attention (Fox et al., 2008; Doricchi et al., 2008) .
The role of the different projection fibers connecting the thalamus and basal ganglia to the frontal lobes through the internal capsules and the optic radiations towards the occipital lobe is less clear for visuospatial attention and executive functions, as well as numerical abilities. Further evidence of the role of these fibers in visuospatial attention and executive function is still to be found.
In summary, we investigated the white matter integrity profile across females with three defined genetic disorders. Many regions with significant differences across the three diseases do not completely overlap, but many of the same major tracts are implicated. Common abnormalities were evident in 22q11.2DS and TS, where SLF and ILF had lower anisotropy and diffusivity and FXS had higher diffusivities. Additionally we found thalamic-frontal and thalamic-occipital fibers to be altered in 22q11.2DS, FXS, and TS.
